Determining the fitness of drug-resistant human immunodeficiency virus type 1 (HIV-1) strains is necessary for the development of population-based studies of resistance patterns. For this purpose, we have developed a reproducible, systematic assay to determine the competitive fitness of HIV-1 drug-resistant mutants. To demonstrate the applicability of this assay, we tested the fitness of the five most common nevirapine-resistant mutants (103N, 106A, 181C, 188C , and 190A), with mutations in HIV-1 reverse transcriptase (RT), singly and in combination (for a total of 31 variants) in a defined HIV-1 background. For these experiments, the 27 RT variants that produced viable virus were cocultured with wild-type virus without nevirapine. The ratios of the viral species were determined over time by utilization of a quantitative real-time RT-PCR-based assay. These experiments revealed that all of the viable variants were less fit than the wild type and demonstrated that the order of relative fitness of the single mutants tested was as follows: 103N > 181C > 190A > 188C > 106A. This order correlated with the commonality of these mutants as a result of nevirapine monotherapy. These investigations also revealed that, on average, the double mutants were less fit than the single mutants and the triple mutants were less fit than the double mutants. However, the fitness of the single and double mutants was often not predictive of the fitness of the derivative triple mutants, suggesting the presence of complex interactions between the closely aligned residues that confer nevirapine resistance. This complexity was also evident from the observation that all three of the replication-competent quadruple mutants were fitter than most of the triple mutants, and in some cases, even the double mutants. Our data suggest that, in many cases, viral fitness is the determining factor in the evolution of nevirapine-resistant mutants in vivo, that interactions between the residues that confer nevirapine resistance are complex, and that these interactions substantially affect reverse transcriptase structure and/or function.
Long-term control of human immunodeficiency virus (HIV) infection has been made possible by the use of antiretroviral therapy. Additionally, pharmacological interventions can dramatically reduce the rates of mother-to-child transmission of HIV type 1 (HIV-1) (10, 17) . Central to the above advances is the availability of drug-susceptible virus. With the administration of only one or two antiretroviral drugs, treatment failure occurs relatively quickly due to the emergence of resistant virus (37, 43, 46) . Following such failure, viral loads may be partially suppressed despite the emergence of high-level drug resistance (2, 34, 50) . In addition, it has been noted that after cessation of treatment following failure, resistant virus is often replaced by wild-type virus (5, 10, 12-15, 22, 32, 51) . These observations have been attributed to decreased fitness of the resistant virus compared to that of the virus present before therapy (21) . The impairment of viral fitness due to resistance to antiretroviral drugs could have clinical relevance in terms of selecting optimal therapies and reducing the rate of progression, as well as on the modeling of the epidemiology of transmission of resistant HIV-1 strains (4, 28, 38, 42, 48) . Hence, in the past few years there has been growing interest in the area of HIV-1 fitness in the context of drug resistance.
Research to date on the fitness of drug-resistant HIV-1 has been characterized by methodological inconsistency, which has made the comparison of studies difficult. For example, investigations of the fitness of drug-resistant HIV-1 clinical isolates have been hampered by the inability of researchers to control for the effect of sequences outside of the mutation of interest on viral fitness, i.e., the lack of an isogenic background (16, 26, 34) . Thus, the utilization of genotypic resistance assays to determine the fitness of resistant mutants in an infecting viral population has been limited by the ability of the virus to exist as a quasi-species (7) (8) (9) . A second issue with regards to methodology is the low level of sensitivity of certain assays (p24 Gag enzyme-linked immunosorbent assay and plaque reduction assay) for the detection of small differences in fitness between viral variants in cell culture (25) , which could be relevant in vivo. In addition, the use of parallel culture designs leads to assessment of replicative efficiency without the condition of competition and, consequently, does not resemble in vivo conditions in which mutant and wild-type strains are maintained in the same environment (18, 29, 31, 35, 39, 40) . Furthermore, experiments that utilize probes that anneal to marker gene sequences and not directly to mutant reverse transcriptase (RT) sequences (29) are unable to assess the stability of variants containing multiple drug resistance mutations. In this report, we describe a reproducible, systematic assay to determine the competitive fitness of drug-resistant HIV-1 that addresses these limitations.
MATERIALS AND METHODS
Site-directed mutagenesis. The mutations K103N, V106A, Y181C, Y188C, and G190A (27) were created individually and in all possible permutations (32 clones, including the wild type) by site-directed mutagenesis with the Quickchange XL site-directed mutagenesis kit (Stratagene, La Jolla, Calif.) in the plasmid p83-2, which contained 5Ј NL4-3 sequences (1). Resultant clones were subjected to fluorescence sequencing (ABI, Foster City, Calif.) to verify the presence of the desired mutations and the absence of extraneous mutations.
Generation of virus stocks. To generate infectious pNL4-3 or derivative HIV-1, DNA from each of the mutant clones was digested with EcoRI (New England Biolabs, Beverly, Mass.), column purified (Qiagen, Valencia, Calif.), and combined with an equal amount of similarly prepared EcoRI-digested p83-10 plasmid DNA (containing 3Ј NL4-3 sequences). The two plasmids were fused by use of T4 DNA ligase (New England Biolabs). This mixture was then introduced into the permissive cell line CEMx174 by DEAE-dextran transfection (23, 33) . The transfected cells were cultured in RPMI 1640 (Gibco BRL, Grand Island, N.Y.) supplemented with 10% fetal bovine serum (Gibco BRL). For the generation of virus stocks, culture supernatants containing virus were harvested 48 h after the first observation of cytopathic effect (CPE).
Growth curve analyses. In order to assess the growth kinetics of NL4-3 and the derivative strains, 10 6 CEMx174 cells were infected with virus diluted to contain 1.0 ng of p24 Gag , using stocks derived from transfected CEMx174 cells. Culture supernatants were collected starting at day 5 postinfection. The rate of virus growth was assayed by the concentration of p24
Gag in the culture supernatants, as determined by enzyme-linked immunosorbent assay (Coulter, Hialeah, Fla.).
In vitro transcription. In order to quantify viral RNA, a template was engineered that consisted of a 1,510-bp fragment of the HIV-1 gag gene. For these experiments, the sequences were amplified by PCR and the resultant fragment was cloned into the pSP72 vector (Promega, Madison, Wis.) immediately downstream of the T7 promoter by use of EcoRI and BamHI restriction enzymes (New England Biolabs). Fluorescence sequencing of a specific clone ensured that the exact desired sequence was used in subsequent experiments. The gag sequences were then transcribed in vitro with T7 RNA polymerase and a BD RiboQuant in vitro transcription kit (BD Biosciences Pharmingen, San Diego, Calif.). The resultant RNA was purified by use of a QIAmp viral RNA kit (Qiagen) and quantified by use of a RiboGreen RNA quantification kit (Molecular Probes, Eugene, Oreg.). To establish a standard curve for HIV-1 gag RNA, we used serial dilutions, starting at a determined concentration, in a one-step real-time RT-PCR using an Applied Biosystems Prism 7000 sequence detection system (ABI). Primers 5Ј GGCCAGGGAATTTTCTTCAGA 3Ј and 5Ј TCCC CAAACCTGAAGCTC TCT 3Ј and probe 5Ј 6FAMA GACCAGAGCCAACA GCCCCACC TAMRA 3Ј, which annealed to conserved sequences located near the 3Ј end of gag and satisfied the manufacturer's design specifications, were used. The cycling parameters used for these experiments were as follows: 48°C for 30 min, 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. The number of cycles required to reach threshold fluorescence (C t ) was determined, and the quantity of sequences initially present was calculated by extrapolation onto the standard curve. The number of dilutions required for the extinction of signal was also determined.
Real-time RT-PCR. Viral RNA from wild-type and mutant stocks was quantified 48 h after infection of 5 ϫ 10 5 CEMx174 cells. The supernatant was harvested at 48 h postinfection, and HIV-1 RNA was purified by use of the QIAmp viral RNA kit. Relative quantities of viral RNAs were determined by quantitative real-time RT-PCR. For these experiments, primers 4455F (5Ј GC AGTTCATGTAGCCAGTGGAT 3Ј) and 4596R (5Ј TGGTGAAATTGCTGC CATTG 3Ј), which annealed to and amplified a 141-bp fragment in a conserved region of HIV-1 RT, were used. TaqMan SYBR Green PCR amplification of HIV-1 RT was carried out in MicroAmp optical 96-well reaction plates (ABI) in a volume of 50 l. The reactions contained 3 l each of the two primers (concentration of primer and probe stock solutions, 100 M), 25 l of 2ϫ SYBR Green master mix, 0.25 l of Multiscribe RT (50 U/l), 1 l of RNase inhibitor mix, and 5 l of viral RNA extract. Cycling parameters were as described above.
Calculation of input virus for competition assay. The C t values, obtained from serial dilutions of wild-type virus, were plotted to create a standard curve (data not shown). The results of the regression analyses were used to calculate the ratio of the mutant and wild-type HIV-1 RNAs that were used for the competition experiments. An infectivity assay (using HeLa CD4-␤-Gal cells) (24) ensured that a very low multiplicity of infection (MOI) was used for these experiments.
Competition assays. The fitness of HIV-1 strains containing nevirapine-resistant mutants relative to that of wild-type NL4-3 was determined by simultaneous infection of both viral species in duplicate single wells of a 24-well plate. These wells contained 5 ϫ 10 5 CEMx174 cells in 2 ml of medium and were infected at an MOI of 0.001. After overnight incubation with virus, the cells were washed once in phosphate-buffered saline (Gibco BRL) to remove residual input virus that remained in the supernatant. After 48 h, the supernatant was harvested and 100 l of supernatant was transferred to a fresh culture of 5 ϫ 10 5 CEMx174 cells, in 2 ml of medium, in a 24-well plate. This time point was used as the starting point for the competition experiment. Viral RNA was purified from the supernatant obtained at this time point to determine the ratio of wild-type and mutant viruses. Since we did not know in advance the relative replication capacity of the mutant and wild-type stocks, the infection experiments were repeated until the C t value for a mutant was one to seven cycles lower than that for the wild type. This ensured a 2-to 100-fold excess of mutant virus at the start of the competition experiment. To determine the change in this ratio over time, 140 l of supernatant was harvested every 48 h. HIV-1 primers, designed for the two regions of the RT where the mutations resided, were used to amplify 80-bp regions of the HIV-1 RT gene. One set, 2798F (5Ј AACTCAAGATTTCGGG AACTTAA 3Ј) and 2878R (5Ј AAAAATATGCATCGCCCACAT 3Ј), amplified the region that contained amino acids 103 and 106 of RT. The other set, 3051F (5Ј AATCCGAAAACATTAGAGCCTTTTCAA 3Ј) and 3131R (5Ј TC TATTTTTGTTCTATGCTGCCCTATT 3Ј), amplified the region that contained amino acids 181, 188, and 190 of RT. A one-step RT-PCR (performed in duplicate) was used to amplify these templates. For detection of the HIV-1 PCR products, TaqMan MGB probes specific for wild-type and mutant sequences (one mutant and one wild-type probe was included in each reaction) were designed to span regions that were specific for each mutation: positions 2847 to 2866 for residue 103, 2853 to 2875 for residue 106, 3080 to 4000 for residue 181, 3103 to 3121 for residue 188, and 3114 to 3132 for residue 190. All mutant MGB probes were labeled with the reporter dye FAM (6-carboxyfluorescein) at their 5Ј ends, all wild-type MGB probes were labeled with the reporter dye VIC (6-carboxyrhodamine 6G, succinimidyl ester) at their 5Ј ends, and all probes had a nonfluorescent quencher at their 3Ј ends. In addition, both HIV-1 mutant and wild-type probes were phosphorylated at their 3Ј ends to prevent elongation during PCR (synthesis and labeling of probes was performed by ABI). Postrun manipulations of data were performed according to the manufacturer's instructions and as described above to generate C t values for the two viral species in each sample.
Calculation of competing virus ratio. The C t values were utilized to determine the ratio of wild-type to mutant virus contained in each sample. The formula used to calculate this ratio was 2 (CtWT Ϫ CtMut) , where C t WT is the C t value for the wild type and C t Mut is the C t value for the mutant for each coinfection. The ratio of wild-type and mutant virus was plotted on a logarithmic scale, and linear regression for each series of time points was determined with Excel 2000 (Microsoft, Seattle, Wash.). The formula y ϭ b(e mx ) was used to determine the slope of each line (y is the ratio of mutant to wild-type virus, b is the y intercept, x is the time point, and m is the value of the slope). The term "m" was used for the fitness coefficient in this analysis.
RESULTS

Viability of HIV-1 mutants.
Wild-type HIV-1, along with mutant HIV-1 containing the mutations 103N, 106A, 181C, 188C, and 190A, which confer resistance to nevirapine, either singly or in combination, were transfected into CEMx174 cells. Of these 32 possible permutations, 28 produced CPE in the transfected cultures, which was indicative of replicating HIV-1. The first appearance of CPE (days 3 to 5 posttransfection) (data not shown) and the time of peak virus production (days 7 to 9 posttransfection) (data not shown) were similar for all the replication-competent strains produced in these cultures. Recombinants containing the combination of 103N/106A/188C (one triple mutant, two quadruple mutants, and the quintuple mutant) failed to produce CPE, indicating a lack of virus production. This was confirmed by assaying p24
Gag and viral RNA in cultures maintained for an excess of 8 weeks (data not shown).
Growth of triple and quadruple HIV-1 RT mutants. We investigated whether a simple replication assay would be sufficiently sensitive to assess differences in the replicative capacities of wild-type NL4-3 and viable derivative strains containing a maximum number of nevirapine-resistant mutations. For these experiments, equivalent p24
Gag concentrations of the wild type as well as the nine viable triple and three viable quadruple mutants were used to infect CEMx174 cells. Under these conditions, we observed that seven of the nine triple mutants and all three quadruple mutants reached peak virus production on day 7 postinfection and two triple mutants reached peak virus production on day 8 postinfection (Fig. 1) . The peak level of virus production was similar for all the strains tested (Fig. 1) . These experiments revealed that this assay could not detect differences in the replicative capacities of the great majority of these mutants and, consequently, would not be useful for determining relative strain fitness.
Parameters of the competitive fitness assay. Since we could not use a replication-based assay for our studies, we tested the relative fitness of the 27 viable nevirapine-resistant mutants by using a competitive fitness assay. Several parameters were critical to the utility of this assay for our studies. (i) Coinfection of mutant and wild-type HIV-1 was done at a total MOI of 0.001. This low level of viral input ensured that the measurement of viral RNA production would always be based on logarithmic growth since the number of cells would not be limiting through the course of the experiment (18) . It also ensured that the likelihood of recombination events between wild-type and mutant strains would be extremely low (41) . (ii) The use of an excess of mutant virus was necessary since it allowed for the detection of the relatively unfit mutant strains for multiple time points in our assay. (iii) The use of the 48-h postinfection time point as the starting point of the competition experiment was important, as it served as an internal control for the ratio of wild-type to mutant virus. By measuring the amount of the wild-type and mutant viruses existing at this time, we accounted for errors in the measurement of the inoculum. This allowed for a true measure of the change in the ratio of competing strains and ensured that a 2-to 100-fold excess of mutant virus was present at the start of the competition experiment (Table 1 ; see Fig. 3 to 6 ). (iv) A lack of cross-reactivity between wild-type and mutant templates and probes was necessary to allow for reliable quantification of wild-type-to-mutant virus ratios over a wide dynamic linear range. We tested cross-reactivity in two ways, as follows. (a) We assessed whether mutant template-wild-type probe and wild-type template-mutant probe combinations produced detectable fluorescence at all five resistance loci that we studied and did not observe detectable cross-reactivity (data not shown). (b) We ascertained the linear dynamic range of our assay system. For these experiments, we calculated the number of wild-type and mutant RNA molecules, with in vitro-transcribed gag as the standard (see Materials and Methods). The RNAs were then subjected to 10-fold serial dilutions and mixed in various ratios, in the range of 10 6 (generally the quantity found in undiluted samples) to 10 2 RNA molecules for either species. The RNAs were then subjected to real-time RT-PCR. These studies revealed that the amount of template was accurately quantified across the entire range used for this assay (Fig. 2 and data not  shown) . Thus, the competition assay had a linear range of at least 4 logs which meant that the ratio of input virus (2-to 100-fold excess of mutant) was well within this range and therefore did not affect the competition assay.
Competitive fitness of the single mutants. The use of the competitive fitness assay revealed that the variants containing nevirapine-resistant mutants with single mutations were all less fit than the wild type, as a negative slope (fitness coefficient) was observed in every case (Fig. 3) . These measurements demonstrated the order of fitness of these variants, which was as follows: 103N Ͼ 181C Ͼ 190A Ͼ 188C Ͼ 106A. Our studies also revealed that the fitness coefficients of these variants ranged widely (Ϫ0.48 to Ϫ1.93) ( Table 2 ) around the mean of Ϫ1.07.
Competitive fitness of the double mutants. We observed that the nevirapine-resistant double mutants displayed a decreased level of fitness relative to the single mutants, with a mean fitness coefficient of Ϫ1.94 ( Table 2) . As was seen for the single mutants, the fitness coefficients of double mutants ranged widely (Ϫ0.78 to Ϫ3.46) around the mean (Table 2) . Our experiments revealed that the fitness of double mutants was not necessarily a reflection of the additive fitness of the single mutants. For example, the strains that contained 188C in combination with 103N or 190A ( Fig. 4; Table 3 ) were fitter than strains that contained 181C in combination with 103N or 190A, even though 181C was fitter than 188C as a single mutant ( Fig.  3 ; Table 3 ). Furthermore, one double mutant (103N/190A) was fitter than one of the single mutants (190A) of which it was comprised (Table 3) .
Competitive fitness of the triple mutants. In transfection experiments, 9 of the 10 possible triple mutants were viable, the exception being the 103N/106A/188C mutant. In the competition assay, the viable triple mutants displayed an overall trend of decreased fitness relative to the single and double mutants, with a mean fitness coefficient of Ϫ3.03 ( Fig. 5 ; Table  2 ). As with the single and double mutants, the fitness coefficients of these mutants ranged widely (Ϫ2.04 to Ϫ5.10) around   FIG. 2 . The linear dynamic range of the competition assay. Samples spiked with 103N mutant or wild-type (103K) RNA were assessed for the quantity of each species by RT-PCR, using probes that were specific for either sequence. In one set of reactions, 103N was fixed at 10 6 copies of RNA and mixed with serial 10-fold dilutions of 103K (diamonds). In the other set, 103K was fixed at 10 6 copies of RNA and mixed with serial 10-fold dilutions of 103N (squares). In either case, the C t was unaltered for the species with a fixed copy number in the sample, regardless of the quantity of the diluted species (data not shown). The linear regression for each data set was determined with Excel 2000 software, which revealed that the slopes of the two lines were similar (Ϫ3.34 for 103K and Ϫ3.22 for 103N) and that the correlation coefficients (R 2 ) for these data were 0.9807 and 0.9769, respectively. These data represent the averages of two independent experiments. Similar data were observed for samples containing mutants at the other four loci, as studied by use of locus-specific probes. the mean ( Table 2 ). The two mutants that displayed the lowest fitness coefficients (106A/188C/190A and 103N/181C/190A) ( Table 3 ) also showed a detectable delay in growth in the replication assay (Fig. 1) . One triple mutant (103N/181C/ 188C) demonstrated a high level of fitness (fitness coefficient of Ϫ2.04) ( Table 2 ) which was comparable to the mean fitness coefficient observed for the double mutants (Ϫ1.94) ( Table 2) . Our study also revealed that the two fittest triple mutants (103N/181C/188C and 103N/188C/190A) ( Table 3) contained both 103N and 188C. These results were surprising given that the one triple mutant that did not produce a viable virus (103N/106A/188C) also contained these two mutations. We also observed that the four least fit viable triple mutants all contained 190A. Stratifying the viable mutants above and below the mean fitness coefficient for this group (Ϫ3.03) revealed that all of the combinations that fell below the mean contained 190A (Table 3) .
Competitive fitness of the quadruple mutants. Transfection experiments revealed that the two quadruple mutants that contained the nonviable triple combination 103N/106A/188C (103N/106A/181C/188C and 103N/106A/188C/190A) did not produce replication-competent HIV-1. The three quadruple mutants that were viable displayed a mean fitness coefficient of Ϫ2.66 ( Fig. 6; Table 2 ). Unlike the groups described above, the viable quadruple mutants had fitness coefficients that clustered very closely (Ϫ2.54 to Ϫ2.77) around the mean (Table 2) . Surprisingly, the mean fitness of this group was higher than that observed for the triple mutants (Table 2 ). In fact, the 103N/106A/181C/190A and 106A/181C/188C/190A mutants were fitter than five of the eight triple mutants that contained three of these mutations (Table 3) . These experiments also revealed that the 103N/106A/181C/190A variant was fitter than one of the double mutants that contained two of these mutations and that the 106A/181C/188C/190A variant was fitter than two of the double mutants that contained two of these mutations (Table 3 ). In fact, the fitness of these two quadruple mutants was comparable to the fitness of the 106A single mutant ( Table 3 ). The third viable quadruple mutant (103N/ 181C/188C/190A) was also surprisingly fit, being fitter than two of the four triple mutants that contained three of these mutations (Table 3) .
Genetic stability of the quadruple mutants. Since the fitness coefficients of the quadruple mutants were surprisingly high, we addressed the possibility that reversion events had taken place at the mutant loci during the course of stock generation and/or the competition experiment. For these experiments, we probed RNA obtained from competition experiments containing the quadruple mutants with probes specific for all four mutant loci. Table 4 reveals that the ratio of mutant to wildtype sequence for the competition experiment containing the 103N/181C/188C/190A mutant was decreased to a similar extent at all four loci at the two last time points. Similar results were observed for the other quadruple mutants (data not shown). These data demonstrate that mutant sequences were maintained throughout the course of the experiment, indicating that all of the mutations were equally stable through shortterm passage in tissue culture. They also revealed that the mutant and wild-type probes at the loci investigated here (103, 106, 181, 188, and 190) had equivalent affinities for their target sequences, since the difference in the ratio of mutant to wildtype virus between the two time points was consistent for all probe sets (Table 4 and data not shown). These experiments demonstrated that the fitness coefficient derived for a particular variant was not influenced by the particular probe set used in the experiments.
DISCUSSION
In this study, we demonstrated the utility of a quantitative real-time RT-PCR-based competition assay for evaluating the relative fitness of drug-resistant HIV-1 strains. This system addressed many of the issues that have limited previous studies pertaining to this topic, as follows. (i) By utilizing isogenic strains differing by as little as a single nucleotide, we eliminated the potential confounding effects on viral fitness of sequence variables outside the mutation of interest, i.e., in other genes, such as env. However, the use of a single genetic background does not allow for the quantification of the effect of nonresistance RT polymorphisms on the fitness of nevirapine-resistant mutants.
(ii) This method provided a level of sensitivity that allowed for measurable differences in the relative fitness of variant strains to be determined (Fig. 5 and 6 ), which could not be done with the growth assay (Fig. 1). (iii) This assay more closely resembled in vivo conditions in which mutant and wild- Table 4 ). The elucidation of the crystal structure of HIV-1 RT revealed that the mutations that confer resistance to nevirapine reside in a pocket that is adjacent to the active site of the enzyme (49) . Our observation that the fitness of single and double mutants was often not predictive of the fitness of derivative triple mutants indicates that the interactions between these residues are complex. The widely ranging fitness coefficients of the double and triple mutant groups (Table 2) are also evidence of the intricacy of the interactions between these residues. This relationship was underscored by the high degree of fitness of the viable quadruple mutants (Table 3 ). Since RT is highly conserved among HIV-1 isolates (27), we expected that increasing the number of mutations would increasingly compromise RT structure and/or function. However, we observed that the three replication-competent quadruple mutants were fitter than most of the triple mutants and even some of the double mutants that contain mutations common to the quadruple mutants (Table 3) . Such fitness patterns could underlie the puzzling observation that, in some cases, mutations that confer resistance to a drug such as nevirapine can accumulate over time even though a single mutation is sufficient to confer a high level of resistance (3, 6, 11, 20) . Although increased viral fitness associated with an increased number of mutations has not been described for HIV-1 RT, it has been described for mutations that decrease sensitivity to HIV-1 protease inhibitors (30, 35, 44) . Furthermore, an association of increased fitness with an increased number of mutations, even to the degree of greater replicative capacity than the wild type, has been demonstrated in vitro for other RNA viruses and bacteria (36, 45) . Such observations are consistent with the adaptive landscape model of evolution (52) . In this model, a (35, 52) . Such a mechanism could explain why quadruple mutants are rarely observed in the clinic (47) .
The decrease in fitness conferred by the 181C mutation conflicted with a previous observation (19) . Although it was among the fittest of the mutants that we tested (Table 3) , it was clear that the ratio of this mutant to the wild type decreased at every time point in the competition assay ( Fig. 2; Table 1 ). In the 181C mutant-wild type competition experiment, the amount of virus produced at time point 1 was lower than that produced at time point 0 (representing the start of the competition experiment) ( Table 1 ). These data suggested that the MOI at the start of the competition experiment was likely lower than the 0.001 that we used for the initial coinfection, since it took Ͼ2 days for input virus to be completely replaced by newly synthesized virus. We also observed that the peak of virus production occurred between time points 1 and 2 and that less virus production occurred between time points 2 and 3 (Table 1) . Therefore, it could be construed that the cell number was limiting at this late time point. However, the fitness coefficient was altered only slightly if time point 3 was not utilized in the calculation (Ϫ0.77 [R 2 ϭ 0.9953] versus Ϫ0.72 [R 2 ϭ 0.9942]). This suggested that the decrease in viral production was a reflection of the kinetics of virus replication, that most of the virus obtained at time point 2 was generated just prior to virus harvesting, and that the number of cells was not limiting. It also suggested that there was insufficient time for this virus to completely replace itself prior to the subsequent time point in the experiment. Based on these observations, we believe that the negative fitness coefficient obtained for 181C was accurate and was not a reflection of any bias inherent in our assay. Similar profiles were observed for the additional competition experiments (data not shown).
The mutations with the highest prevalence among HIVinfected individuals, 103N and 181C (3, 6, 11, 20) , also exhibited the highest level of fitness in our assay (Table 3 ). This would suggest that, in most cases, viral fitness has a greater impact on the evolution of nevirapine-resistant HIV-1 than the level of drug resistance. Interestingly, it has been observed that among mothers treated with nevirapine to prevent vertical transmission of HIV-1, there was a higher frequency of the 103N mutation in the mothers and a higher frequency of the 181C mutation in their infants (15) . The authors of that study suggested that this may have been due to higher blood concentrations of nevirapine in the infants and, therefore, more exposure to nevirapine than their mothers encountered. Such a situation may have favored the emergence of a fitter mutant, with a lower level of resistance, in the mothers (103N) ( Table  3) while favoring the emergence of a less fit mutant, with a higher level of resistance, in the infants (181C) ( Table 3) . This hypothesis could be tested by the competitive fitness assay in the presence and absence of drug. 
